Additional index words. Abies fraseri, Christmas trees, specific area, needle area, foliage weight, needle weight, leaf area index Abstract. Current-year shoots of Fraser fir [Abies fraseri (Pursh) Poir.] were sampled in Christmas tree plantations in western North Carolina. Needles were sampled at five positions on each shoot: 0% (proximal end), 25%, 50%, 75%, and 100% (distal end). At each position, needles were collected in a tight left-hand spiral beginning on the abaxial side (bottom) and ending on the adaxial side (top). Length, width, thickness, dry weight, and projected surface area were determined for each needle. Specific area (one-sided) averaged 45 cm 2 ·g -1 and increased from the shoot base to the tip. On individual shoots, needle dimensions were maximal at the middle (50% position). Within sample positions, needle dimensions increased from the adaxial to the abaxial side. Needle length, weight, and area differed more than width or thickness by position. Needle surface area per centimeter of shoot was relatively stable. Regression models using shoot length, diameter, needle density, and average needle length or weight yielded good estimates of total foliage area and weight.
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The capability to estimate foliage surface area is useful in problems involving watershed management, growth, nutrition, photosynthesis, and transpiration (Loomis et al., 1966) . Because this information was lacking for Fraser fir, our objectives were to characterize surface area, length, width, thickness, weight, and density of foliage on current-year shoots of Fraser fir, and to develop regression models to estimate total surface area and dry weight for foliage on current-year shoots.
Fraser fir Christmas trees (≈2 m in height) provided trees from a variety of sites and management practices, yielding a good range of shoot and needle attributes for this species. Within Fraser fir, which has a very restricted natural range, variation in foliage attributes is much greater among individual trees than between stands or populations (Robinson and Thor, 1969 ). Nonsheared, current-year shoots were collected from 15 to 20 trees in each plantation. Trees were sampled that maximized variation in needle morphology and density. Shoots were selected throughout the crown, excluding leaders, and each shoot was severed at its insertion point. Shoots were transported on ice to Raleigh and stored at 4C pending analysis. Shoots from each plantation were grouped according to length: small (4 to 13 cm), medium (13.5 to 24 cm), and large (24.5 to 42 cm). Ten to 12 shoots were retained from each group for foliage measurements.
Shoot length (centimeters) was measured from the base to the tip of the terminal bud. Shoot diameter (millimeters) was measured with calipers-two measurements perpendicular to each other-halfway between the proximal and distal ends (50% position). Needles were counted on a 2-cm segment at the 50% position.
Needles were collected from five positions on each shoot: 0% (base), 25%, 50%, 75%, 100% (distal end) (Fig. 1A) . At each position, beginning on the abaxial side, needles were removed from a tight, left-hand spiral (Chandler and Dale, 1990 ) that ended on the adaxial side (Fig. 1B) . Sampling in the 100% position excluded very small needles subtending the terminal and subterminal buds, and sampling in the 0% position excluded the lowest spiral. On small shoots (≤8 cm long), if the spiral in one sampling position overlapped an adjacent sampling position, needles were collected in an arc perpendicular to the shoot axis, and the number of sampling positions was reduced to 0%, 50%, and 100%.
Needles were taped to white paper (one page per shoot), photocopied, and stored in a closed container at 4C pending further analysis. The identity of each needle was maintained relative to sampling position and location within the spiral. After sampling from each position, shoots were dried to constant weight at 70C, and residual foliage was removed and weighed.
Each needle was cross sectioned at its midpoint and thickness measured under a dissecting microscope. Subsequently, needles were dried at 70C for 24 h and weighed individually. Needle lengths, widths, and areas were measured from the photocopies using a Monochrome Agvision System area meter (Decagon Devices, Pullman, Wash.) with DIAS II software (version 1.0, ca. 1989). To compute one-sided area, a correction factor was applied to account for the elliptical upper surface of needles (Drew and Running, 1973; Gholz et al., 1976) . The correction (C) was C = (π/2 √ /(W 2 + T 2 )/2)/W, where W = needle width (millimeters) and T = needle thickness (millimeters). Based on an average needle width : thickness ratio shoots. Each point is a mean for all needles sampled on that shoot. In = natural logarithm. All models were significant (P = 0.01); s y·x = SE of regression. Standard errors were calculated or data were evaluated with regression as appropriate (SAS Institute, 1989) . Logarithmic and square root transformations were used, if needed, to normalize variance and/or linearize the relationships. Only the better relationships (R 2 ≥ 0.15) are shown in figures.
The terms foliage and needle refer to attributes of shoots and individual needles, respectively. Unless stated otherwise, estimates of surface area are for one side.
Needle length ( Fig. 2A) , area (Fig. 2B) , and dry weight (Fig. 2C) followed a parabolic curve from the base to the tip of the shoot, having a maximum at the 50% position. Needle thickness (Fig. 2D) and width of 4:1, the mean value of C was 1.145.
For each shoot, specific area (square centimeters per gram; one-sided) was calculated as (AN/WT N ) × 10, where A N = average needle area in square millimeters (based on all sample needles from that shoot) divided by average needle dry weight in milligrams (WT N ). Total foliage area was estimated as specific area × total foliage dry weight in grams. Mean needle length, area, weight, thickness, width, and specific area were also calculated for each sample position (Fig. 2) , as well as for needles within the spiral at the 50% position (Fig. 3) . Means in Fig. 3 were plotted according to the number of needles in the spiral at the 50% position. The range, mean, and SE, respectively, for each characteristic was as follows: shoot length (4.5 to 42 cm, 19.4, 0.72); average needle length (8.7 to 25.5 mm, 15.9, 0.26); average needle dry weight (2.8 to 13.6 mg, 7.1, 0.17); needle density (10 to 35 needles per cm, 18, 0.41); and needle width (1.8 to 3.1 mm, 2.4, 0.02). (Fig. 4D , R = 0.23). Specific area was independent of needle length (data not shown). Needle area (Fig. 5A , R 2 = 0.51), dry weight (Fig. 5B , R 2 = 0.62), and thickness (Fig. 5C , R 2 = 0.22) increased with needle width, but wide needles tended to have a lower specific area than narrow needles (Fig.  5D , R 2 = 0.17). Needle dry weight increased with needle thickness (Fig. 5E , R 2 = 0.39), whereas specific area decreased (Fig. 5F , R 2 = 0.26). Total foliage dry weight (Fig. 6A , R 2 = 0.72), total foliage area (Fig. 6B , R 2 = 0.74), and shoot diameter (Fig. 6C , R 2 = 0.91) increased with shoot length, but needle density was highest in small shoots (Fig. 6D , R 2 = 0.43). Average dry weight of individual needles increased slightly with increasing Needle length was closely related to needle area (Fig. 4A , R 2 = 0.90) and dry weight (Fig. 4B , R 2 = 0.58). Long needles tended to be wider than short ones (Fig. 4C , R 2 = 0.27), and needle density decreased with inRegardless of the number of needles in the spiral, needle dry weight (Fig. 3A) , length (Fig. 3B) , and area (Fig. 3C) increased from the adaxial side (top) of the spiral to the abaxial (lower) side. Needle thickness (Fig.  3D ) was relatively constant within the spiral, whereas width (Fig. 3E) increased slightly from top to bottom. Specific area (Fig. 3F) was highest in the lower side of the spiral. (Fig. 2E) were more uniform at all positions along the shoot. Specific area (Fig. 2F) increased from an average of 42 cm 2 ·g -1 at the shoot base to 49 cm·g -1 at the distal end. . Basis = 162 current-year shoots. Each point is a mean for all needles sampled on that shoot. In = natural logirthm. All models were significant (P = 0.01); s y·x = SE of regression.
Based on foliage weights derived in other studies (Hinesley and Wright, 1989; Weaver and DeSelm, 1973) , well-stocked stands of Fraser fir have a one-sided leaf-area index (LAI) of about eight. This value is in the lower range of published values for other Abies spp. (Gholz et al., 1976; Leverenz and Hinckley, 1990; Tadaki et al, 1970) . Abies spp. typically have a high LAI, reflecting their capacity to photosynthesize efficiently in shade (Leverenz and Hinckley, 1990) .
The stability of foliage area in Fraser fir results from an inverse relationship between needle density and needle length (Fig. 4D ) and an inverse relationship between needle density and shoot length (Fig. 6D) or diameter (Fig. 7C) . Consequently, total area (Fig. 7D ) and weight (data not shown) of foliage per centimeter of shoot is only weakly related to needle density. These mechanisms tend to stabilize photosynthetic potential, as with balsam fir (Piene, 1983 ) and other conifers (Garrett and Zahner, 1973; Juntilla and Heide, 1981) . In addition, the close relationship between shoot diameter/length, total surface area, and dry weight of foliage (Figs. 6 and 7) is consistent with the pipe model theory (Waring et al., 1982) in which a unit weight of foliage is serviced by a specific Specific area (one-sided) on individual current-year shoots was 32 to 60 cm 2 ·g -1 , with an average of 45 cm 2 ·g -1 (SE = 0.48) (Figs. 2F and 3F) . Published values (all-sided) for other Abies spp. range from 82 to 152 cm 2 ·g -1 (Gholz et al., 1976; Hadley and Smith, 1990; Tadaki et al., 1970) . Foliage area, dry weight, and needle density were related to shoot diameter in the same manner as shoot length (Fig. 7A-7C ). Foliage area per centimeter of shoot length increased with increasing needle density (Fig.  7D , R 2 = 0.20), and total surface area of foliage was strongly correlated with foliage dry weight (Fig. 7E , R 2 = 0.93).
shoot length (Fig. 6E , R 2 = 0.16) and shoot diameter (Fig. 6F , R 2 = 0.23), but variability was large, especially in small shoots. The relationship between average needle length and shoot length/diameter was very weak (R 2 = 0.06 to 0.07, data not shown); for average needle area, it was only slightly stronger (R 2 = 0.11 to 0.13, data not shown).
cross-sectional area of sapwood. The change in needle dimensions within spirals (Fig. 3) as well as among positions along the shoot (Fig. 2) underscores the difficulty in determining average needle dimensions on a particular shoot. The largest needles on a shoot were halfway between the proximal and distal ends (Fig. 2) and always on the low (abaxial) side of the spiral, regardless of location along the shoot (Fig. 3) .
Although location of a shoot in the crown affects morphology and orientation of foliage (Fig. 1) , we did not examine foliage attributes in relation to this factor. Shoots were sampled throughout the crown, and from trees with contrasting needle morphology and density. The objective was not to examine variation in foliage attributes within trees or populations, it was simply to develop a regression model to estimate foliage area using variables such as shoot length, shoot diameter, and mean needle dry weight and/or surface area. If the dimensions of a shoot and an appropriate needle sample are known, one can accurately estimate foliage area and weight with no additional information [note: when logarithmic regressions are back-transformed, correction factors should be included to compensate for bias (Baskerville, 1972; Snowden, 1991) ]. studies seeking to identify trees with a high These models likely will have practical applications in studies involving light interception, transpiration, and photosynthesis. Changes in needle length, weight, and area are also useful indices of growth response in nutrition studies (Czapowskyj et al., 1980; Smith et al., 1981; Timmer et al., 1977) . Such models will also be useful in genetic LAI, specific needle area, or high photosynthetic potential.
